The influence of yttrium doping on varistor properties of zinc-vanadium-based ceramics was comprehensively investigated. The average grain size varied slightly between 5.2 and 5.5 µm as the yttrium content increased; and similarly, the sintered density varied slightly between 5.47 and 5.51 g/cm
Introduction
varistor is a voltage-dependent resistor or nonlinear resistor. Unlike a general resistor, its resistance changes according to the applied voltage. Materials exhibiting a varistor effect must have a microstructure such as a pn junction or an active grain boundary or an active interface. Zinc oxide varistors are made by adding several specified additives to zinc oxide and firing it at a proper temperature.
, 2 )
The microstructure of doped zinc oxide varistors is a polycrystalline composed of numerous semiconducting zinc oxide grains and grain boundaries. The grains are semiconductors with a band gap of ~3.2 eV, and the grain boundaries are active for electrons and have a very thin insulating layer. As a result, one semiconductorinsulating layer-semiconductor (SIS) structure yields a microvaristor. Microvaristors are randomly distributed throughout a sintered body. Consequently, sintering zinc oxide doped with specified minor additives produces a distinctive microstructure and nonlinear conduction properties. Owing to the superior nonlinearity of zinc oxide varistors, they can be effectively applied to bypass various passive and active devices, protect electrical and electronic equipment from dangerous transient voltages, and protect electric facilities from lightning. Today, most varistors are doped mainly with bismuth and partially with praseodymium. 4 , 5 ) Because these varistor ceramics should be fired at a temperature higher than 1000°C, expensive Pd or Pt is inevitably used for multilayering.
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Moreover, Ag, with its excellent conductivity, can be used as an inner electrode. Therefore, at this time, varistor ceramics that can be co-fired at a temperature lower than the melting point (960°C) of Ag are required, making vanadium-doped zinc oxide ceramics suitable here.
Since 1994,
vanadium-doped zinc oxide varistors have been continuously studied.
Despite considerable improvements, however, they are still inadequate for practical use. Nahm first reported that zinc-vanadium varistors doped with manganese-niobium oxides exhibited highly nonlinear properties. On the basis of this composition, it was found that gadolinium additives significantly improved the nonlinearity of zinc-vanadium-based varistor ceramics. 2 
Obtaining better varistor characteristics requires ongoing study.
In this work, we investigate the influence of yttrium dopants on the microstructure and electrical and dielectric characteristics of yttrium-doped zinc-vanadium-based ceramics and report a considerably high nonlinear exponent (α = 67) for varistor ceramics.
Experimental Procedure

Specimen preparation
The composition formula for the specimens is as follows: (97.4 − x)ZnO + 0.5V
(where x = 0.0, 0.05, 0.1, and 0.25) (all in mol%). The specimens were prepared in the following order using the traditional ceramic technique: The raw material was balanced with the composition expression and then ball milled for 24 h together with acetone as a dispersion medium. The mixture was dried at 120°C and granulated with a polyvinyl butyral (PVB) binder to use as a starting powder. The granulated powder was pressed into 1.5 mm thick disks of 10 mm diameter, under a pressure of 1000 kg/cm 2 . The disks A Communication were set onto a magnesia plate and fired at 900°C for 3 h. Lapping and polishing produced final disks of 8 mm diameter and 1.0 mm thickness. The surfaces of the disks were painted with a conductive silver paste, to use as electrodes, and then fired at 550°C for 10 min.
Microstructure analysis
The fracture microstructure images of the sintered disks were examined under a field emission scanning electron microscope (Quanta 200). The average grain size d was calculated using the expression d = 1.56 L/MN proposed by Wurst et al. 2 2 )
The phases of the sintered specimens were identified by X-ray diffraction (XRD) patterns using CuKα radiation (X'pert-PRO MPD). The sintered densities r were measured by using a density determination kit (238490) attached to a balance (AG 245).
J-E characteristics measurement
The current-voltage (I-V) characteristics were automatically measured using a high-voltage source-measure unit (Keithley 237). The I-V characteristics are converted to current density-electric field (J-E) characteristics. The threshold voltage V 
), and J The interface state density N t between the grain and the intergranular layer in the grain boundary was calculated from the expression 
Dielectric characteristics measurement
The apparent capacitance C A P P ' and dissipation factor tanδ were measured from 10 Hz to 1 MHz by using an RLC meter (QuadTech 7600). The dielectric constant ε
Results and Discussion
Figure 1 presents the surface microstructures of ZnO ceramics doped with several yttrium contents. Seemingly, there is no detectable difference on the surface between the yttrium-free ZnO ceramics and the yttrium-doped ZnO ceramics. On the whole, the phase distribution is homogeneous. The average grain size d according to the yttrium content is presented in Fig. 2 . As the yttrium content increased, the average grain size d decreased slightly from generated by doping with yttrium (see Fig. 3 ). The sintered density ρ according to the yttrium content is presented in Fig. 2 . The sintered density ρ decreased slightly up to 0.05 mol%, whereas a further increase in the yttrium content increased the sintered density ρ in the range of 5.47-5.51 g/cm
3
. As the yttrium content increased, the change of the sintered density ρ, like the average grain size d, is not great. On the whole, the influence of yttrium doping on the microstructure is minor, when compared with other. A few microstructure parameters for several yttrium contents are summarized in Table 1 . Figure 3 presents the typical XRD patterns of ZnO ceramics doped with several yttrium contents. All the specimens revealed minor phases such as VO Figure 4 presents the J-E characteristics of ZnO ceramics doped with several yttrium contents. The J-E characteristics comprise a high-impedance region below the knee voltage and a low-impedance region above the knee voltage. The distribution of J-E curves shows that yttrium doping greatly affects the nonlinearity. With increasing yttrium content, the threshold field E The nonlinear exponent α according to the yttrium content is presented in Fig. 5 . The J-E curves in varistor ceramics all feature a nonlinear exponent α. As the yttrium content increased, the nonlinear exponent α increased pronouncedly from 51 to 67, until the yttrium content reached 0.05 mol%. When the yttrium content exceeded 0.05 mol%, the nonlinear exponent α decreased up to 40 at 0.25 mol% yttrium. The specimen doped with 0.05 mol% yttrium exhibited the largest α (α = 67) of the ZnO-V The abrupt decrease of the nonlinear exponent α at 0.25 mol% in the yttrium content is ascribed to the decrease in the potential barrier height at the grain boundaries. Basically, the potential barrier is affected by various defects (interstitial zinc, interstitial oxygen, zinc vacancies, etc.) at the grain boundary. Therefore, the nonlinear exponent α is strongly affected by the Schottky barrier. However, the behavior of the nonlinear exponent a according to the yttrium content may be connected with the content of YbVO according to the yttrium content is presented in Fig. 5 . As the yttrium content increased, the leakage current density J L increased from 56.8 to 251.6 μA/cm 2 . A few J-E characteristic parameters with several yttrium contents are listed in Table 1 . These results verify that yttrium doping much more greatly affects J-E characteristics than the microstructure. Figure 6 presents the modified capacitance-voltage (C-V) characteristic graphs of ZnO ceramics doped with several yttrium contents. A few C-V characteristic parameters with several yttrium contents are summarized in Table 2 . As the yttrium content increased, the donor concentration N according to the yttrium content. The barrier height is closely connected to the interface state density. Figure 7 presents the dielectric characteristics of ZnO ceramics doped with several yttrium contents. Fig. 7(a) shows that the dielectric constant ε A P P ' decreased with an abrupt drop at < 1 kHz and with a gradual drop at > 100 kHz when the frequency increased. On the whole, as shown through the curves, the influence of yttrium doping on the dielectric constant ε A P P ' is not significant, when compared with other. The behavior of the dielectric constant ε A P P ' (at 1 kHz) according to the yttrium content is presented in Fig.  8 . As the yttrium content increased, the dielectric constant ε A P P ' (at 1 kHz) decreased from 592.7 to 549.1 until the yttrium content reached 0.1 mol%. When the yttrium content exceeded 0.1 mol%, the dielectric constant ε A P P ' increased up to 568.6 at 0.25 mol% yttrium. This trend in the value of the dielectric constant ε A P P ' is deeply related to the microstructure.
Meanwhile, as shown in Fig. 7(b) , the dissipation factor tanδ decreased abruptly up to ~20 kHz in all the specimens. All the specimens revealed an absorption peak at 300 kHz, which decreased again when the frequency exceeded 300 kHz. The variation in the dissipation factor tanδ (at 1 kHz) according to the yttrium content is presented in Fig. 8 . The dissipation factor tanδ increased in the range of 0.209-0.313 with increasing yttrium content. This trend in the value of the dissipation factor tanδ is closely connected with the leakage current. On the whole, it is assumed that the high dissipation factor tanδ in all the specimens is ascribed to a relatively high leakage current. A few dielectric parameters with several yttrium contents are listed in Table 2 .
Conclusions
The varistor properties of zinc-vanadium-based ceramics were comprehensively investigated at 0-0.25 mol% yttrium contents. The influence of yttrium doping on the microstructure of varistor ceramics was not as large compared with others with the same doping content: The average grain size was in the narrow range of 5.2-5.5 μm and the sintered density was in the narrow range of 5.47-5.51 g/cm 3 . However, the nonlinear properties were greatly affected by small changes in yttrium content. The largest effect of yttrium doping on the nonlinear properties was observed when the yttrium content was 0.05 mol%. The yttrium dopant played the role of a donor, as evident by the increase in electron concentration with increasing yttrium content. It is concluded that zinc-vanadium-based ceramics doped with appropriate yttrium content can be expected to contribute to the development of chip varistors.
